Abstract. The response of thermospheric neutral parameters such as winds and temperatures to rapid changes in geophysical conditions has usually been considered to be relatively slow, on the order of hours, and steady, representing an integration of more rapid ionospheric changes. Quantifying the relevant ion-neutral coupling has proved difficult due to a lack of relevant laboratory data for the most important collisions, namely between neutral atomic oxygen and its first ion. As a result the representation of ion-neutral coupling in numerical models of the upper atmosphere has often produced poor comparison to experimental data. Using a unique combination of spatially extended ion and neutral thermospheric parameters we show that the neutral response can be very rapid, within 15 min, to imposed forcing via ion-neutral coupling. The array of complementary instrumentation measuring the thermosphere above Svalbard in the Northern Hemisphere allows detailed study of the causes and effects from both the ion and neutral perspectives. The implications for development and testing of the thermospheric numerical models is discussed.
Introduction
Electric fields and particle precipitation can strongly alter the state of the upper atmosphere, most notably in the polar regions. The influence of the solar output is translated into these terrestrial geophysical effects via the magnetosphere. While the ionosphere is expected to respond to these changes dramatically and rapidly the thermosphere has been viewed Correspondence to: E. M. Griffin (eoghan@apl.ucl.ac.uk) as a passive ultimate sink of the input energy, responding on far longer time scales and with relatively small perturbations in winds and temperatures. This view of a smoothly behaving thermosphere has resulted in model representation of the neutral atmosphere which only considers gross structure and long response times for the thermosphere. This is true of both the self consistent 3-D numerical coupled ionosphere and thermosphere models such as CTIM (Fuller-Rowell et al., 1996) and TIME-GCM (Roble, 1996) as well as the empirical models available such as MSIS (Hedin, 1991) and HWM . Heelis et al. (2002) have used a 6 day time series of ion and neutral parameters, together with the relevant time series of IMF conditions, to derive response times for the ionosphere and thermosphere to changes in solar forcing. The results indicated a response time for the thermosphere which was 55 min later than that of the ionosphere, appearing to confirm the picture of the thermosphere as a slow-moving passive sink of energy. It should be noted however that while the best overall fit between the parameters over the 6 days produces a long response time this does not preclude the possibility of shorter response times to individual events, and should not be taken as a lower limit to the thermospheric response time. Also the results reflect the time taken for the ionosphere and thermosphere to reach a "steady state" after the impact of changes in the solar wind drivers. Burnside et al. (1987) , Davis et al. (1995) and many other authors have investigated the accuracy of estimates of the thermospheric ion-neutral collision frequency by combining optical and radar experiments and inverting velocity results to produce a best fit to the collision frequency. Unfortunately the paucity of relevant experiments and difficulty in attributing reasonable estimates of errors and together with other factors has resulted in a lack of consensus as to the most reliable figures.
Numerical model results have produced overestimated thermospheric neutral winds and underestimated neutral temperatures in a number of comparisons to experimental data (e.g. Dobbin et al., 2006) . Some of these discrepancies are believed to be due to a lack of consideration of small scale structure as the models have large grid point separation in latitude and longitude, however it is likely that the estimates of fundamental factors such as the ion-neutral collision frequency, used to calculate the effects of ion-neutral coupling, are also a source of error. Moreover the degree to which small scale structure requires representation in some form in the model construction relies on accurate knowledge of the relevant timescales and magnitudes for ion-neutral coupling (Codrescu et al., 2000) .
Many studies in recent years have pointed to the possibility of rapid thermospheric responses to changes in geophysical parameters and subsequent evidence for mesoscale thermospheric structure (e.g. Aruliah and Griffin, 2001; Aruliah et al., , 2005 . As radars have revealed new scales of ionospheric structure new optical instrumentation, such as the Scanning Doppler Imagers (Conde and Smith, 1997) , have been developed to investigate the details of thermospheric spatial structure. The SCANDI instrument has been installed on Svalbard to further these studies in combination with the EISCAT Svalbard Radar (ESR) and Cutlass coherent scatter radars in Finland and Iceland, part of the SuperDARN radar network. It has been recently used to demonstrate evidence of the structure within the extended field of view (FOV) provided by this type of instrument (Griffin et al., 2008) .
Combining this instrumentation, in this paper we investigate the rapid and local thermospheric response to ionospheric forcing, the driving mechanism behind the observed thermospheric features and the implications for modelling the coupled ionosphere and thermosphere. The SCANDI instrument has been described in Griffin et al. (2008) and allows spatially extended measurements of thermospheric winds and temperatures within an all-sky FOV of 120 • . The design of the SCANDI instrument allows a free choice of sampled regions within the FOV, the limiting factor being the integrated intensity, and hence profile definition, achievable within smaller sectors. The 25 zone configuration as shown in Fig. 1 
ACE satellite and IMAGE magnetometer chain data
The local magnetometer traces from the IMAGE chain (Lühr, 1994) for the period 00:00-12:00 UT on 5 December 2007 are shown in Fig. 2 . Between 03:00-05:00 UT the magnetometer traces from all sites below Nordkapp (NOR) are fairly flat, the disturbance is clearly confined to the magnetometers north of about latitude 71 • (CGM lat 68 • ). Around 07:30 UT there is a small sharp disturbance (<50 nT) localised mainly over the stations between Bjornoya (BJN) and Ny Alesund (NYA), which are the 4 northern-most stations. The magnitude of the disturbance increases to the North. The B x traces ( Fig. 2a ) indicate westward ionospheric currents over Svalbard, and the B z traces (Fig. 2c) indicate that the currents are centred between Longyearbyen (LYR) and NYA. The B y component (Fig. 2b ) indicates a northward current component, increasing in magnitude to the North.
The ACE satellite upstream solar wind IMF data (GSM coordinates) for the period 05:00-07:30 UT on the 5 December 2007 are plotted in Fig. 3 . The IMF is large and begins this period oriented along the positive z-direction until it turns negative around 06:40 UT. B z -negative is sustained for around 50 min before turning positive again. Previous to the negative turning is a brief positive jump in B z observed during the period between 06:20-06:40 UT, when the B y component increases from +2 nT to over +6 nT. The B y component is large and negative from 05:30 UT, but briefly decreases from −8 nT to −6 nT exactly when the B z component increases. The total IMF magnitude is slowly reducing, so this feature appears to be a brief twist in a field that is otherwise rotating anticlockwise until about 06:28 UT. By using the average of the solar wind velocity in the x-direction, and the location of ACE in the x-direction over the period 06:00 to 08:00 UT, a simple estimate of the lag time from ACE to the magnetopause is calculated as about 1.13 h, which means that this brief feature arrives at Earth around 07:25 UT. This timing is consistent with the ground magnetometer deflections observed by IMAGE. Figure 4a shows the neutral winds recorded by the Svalbard FPI from 05:00 UT to 12:00 UT from the North, East, South, West and Zenith look directions. Winds are plotted positive northward, eastward and upwards. Of note is the clear northward surge in winds from 07:45 UT to 09:00 UT which is seen solely in the samples recorded to the North. The northward wind is nearly 100 m/s larger than the background wind values both before and after the event. It is also evident that no surge of any significance is recorded in the observations of winds from the South. Figure 4b shows the corresponding 630 nm intensities which show a sharp rise in intensities seen only to the North and West look directions at the same time as the northward surge. This appears to show the feature to be highly localised to the North-West quadrant of Longyearbyen. There is a persistent spread of around 50 K over the FOV for the whole period that is plotted. Just after 07:30 UT there is a clear trend in the temperature over the whole FOV. A sharp increase in temperature is observed in all zones, appearing to begin around 07:45 UT and resulting in an overall increase in Tn of around 100 K that peaks at around 08:20 UT. Subsequently a slow decrease in temperature is observed in all zones until 11:00 UT. Figure 6a shows the modelled MSIS-E Tn at 240 km for the longitude 16 • E and a latitude range 70-86 • N. The actual F10.7 and K p parameters over the period 05:00-12:00 UT on 5 December 2007 were used in determining Tn using the available modelling tools (MSIS-E website). As is wellknown, MSIS-E is a semi-empirical model created by fitting spherical harmonics to databases of mass spectrometers and incoherent scatter radar data (e.g. Hedin, 1991) . It is an extremely useful model, but as with all such global models, requires care in its use. Small scale activity, spatially and temporally localised as seen in this case study, should not be expected to be modelled well. The MSIS-E temperatures change smoothly with time and latitude and do not show the sharp temperature increase caused by the flurry of geomagnetic activity. The trend is gently upwards from 630 K (all latitudes) to a maximum of 690 K (at 70 • N) during the period 05:40-12:00 UT. The MSIS-E temperature at 78 • N is generally 75 K lower than the mean SCANDI Tn. If a peak emission height of 240 km is assumed the SCANDI FOV has a diameter ∼1000 km, which is approximately the latitude range 70 • N-86 • N. The spread in Tn between these latitudes is at most 45 K at 12:00 UT but practically zero between 05:00-06:00 UT. In contrast the SCANDI data from all zones show a consistent spread of around 50 K throughout the period shown. Figure 6b shows the MSIS-E height dependence of Tn for the hours 05:00-09:00 UT. From just above an altitude of around 200 km the positive temperature gradient with altitude reduces dramatically, becoming isothermal with respect to height by 300 km. Models of the 630 nm emission profile indicate that particle precipitation could push the nighttime emission peak down below 240 km, but at lower altitudes quenching by collisions with molecular nitrogen means that the peak is unlikely to descend far below 200 km (Rees and Roble, 1986) . A temperature drop of 50 K would represent a drop in altitude of around 70 km, which means a emission peak sampling an altitude of between 150-180 km, which is unlikely. Figure 7a plots the same SCANDI temperatures shown in Fig. 5 , but in a keogram format to show the time dependence of Tn and also the spatial dependence. The data are taken from the SCANDI sectors 15, 6, 7, 1, 4, 10, 11, 21, which represent a slice from north to south, covering a latitude range 74 • -82 • N. The keogram format allows direct comparison with Fig. 7b which shows the equivalent currents derived from the MIRACLE magnetometer chain. A box is drawn around the region that is common to Fig. 7a 
Thermospheric winds and temperatures

Ion velocities from Cutlass SuperDARN radars
The Hankasalmi Cutlass coherent radar, with an FOV extending over Svalbard from Finland, did not observe any scatter before 07:51 UT, however once velocities were observed from scatter from this period onwards strong northward flows were measured. Figure 8a shows the ion velocities, plotted as a function of latitude and time, from 07:40 UT to 09:40 UT from beam 10 of the radar. This beam is projected on Fig. 1 in blue and is aligned in a NNW direction. Strong highly spatially localized flows, reaching northward line-of-sight (LOS) values around 800 m/s, are evident immediately from 08:10 to 08:15 UT and gradually reduce to much smaller velocities by 08:30 UT. Figure 8b shows the spatial extent of these flows at 08:15 UT, peaking to the NNW of Longyearbyen. 
EISCAT Svalbard Radar
Several experimental modes were used on the ESR during the period of interest on the morning of 5 December 2007. The most important of these was an experiment run on the 32 m dish which was pointed to the NorthWest at an azimuth of 336 • and elevation of 30 • (shown in red on Fig. 1 with a circle indicating the projection at 250 km, between zones 16 and 7). This mode was in operation from 08:15 UT to 09:00 UT. Beforehand, during the period 07:45-08:10 UT, the 32 m dish pointing direction was azimuth of 180 • and elevation of 60 • , i.e. southward. The 42 m dish is fixed field-aligned and was operated during both periods. Figure 9 shows (a and e) the electron densities, (b and f) the electron temperatures, (c and g) the ion temperatures and (d and h) the ion velocities measured by both dishes of the ESR through both periods. The electron densities (Ne) are very low throughout the period observed. The field-aligned 42 m dish shows a modest increase in Ne before 07:50 UT in the E-and F-regions, and then a clear peak in low energy electron densities between 08:30-08:50 UT for the altitude region 200-300 km. The northward looking 32 m dish shows high northward flows (greater than 500 m/s) for a brief period from the beginning of this observation mode at 08:15 UT to 08:25 UT. Otherwise the LOS plasma flows are small. The 42 m dish ion temperatures (Ti) remain low, but the 32 m dish shows a sharp rise in Ti reaching 3000 K, corresponding to the burst of plasma velocity, before dropping to around 1000 K. This is still much higher than before 08:10 UT, when the Ti values observed to the South with the 32 m dish were of the order of 500 K.
Discussion
Figures 2 and 3 demonstrate the correspondence of a shortlived positive excursion in the IMF B z -component measured by the ACE satellite with a short burst of geomagnetic activity that is highly localised to the north of LYR as measured by the IMAGE magnetometer chain. This is consistent with the overdraping of a lobe field line when the Earth's magnetic dipole is tilted towards or away from the Sun, as would be the case in December. Under such a configuration magnetic merging is possible with the Earth's field lines from the polar cap region, driving a localised ionospheric flow (e.g. Crooker, 1992) . While the exact timing of the impact of such features in the upstream solar wind data to the upper atmosphere is subject to significant uncertainties, especially with a draped IMF configuration, the close correspondence between the morphology of the IMF data to the ground magnetometers lend confidence in this case.
Figures 4, 5 and 7a demonstrate the timing and extent of perturbations to the thermosphere, as observed by the SCANDI and FPI instruments, resulting from the changes to the magnetosphere-ionosphere system. The large increases in ion velocity evident correspond to rapid and significant changes to both neutral velocities and temperatures, that are also spatially localised. The significance of these features is the demonstration of the ability of the thermosphere to respond to imposed changes extremely rapidly over a small region of the atmosphere.
Figures 8 and 9 demonstrate the impact of the resulting electric fields on ionospheric velocities as measured by both the EISCAT and Cutlass Finland radars. The peak in radar LOS velocities appear to be from 08:10-08:22 UT as measured by the CUTLASS and EISCAT radars. However, based on the assumption that the ionospheric response over Svalbard can be traced through the local magnetometers we can attribute an onset time of 07:30 UT for the increase in ion velocities. While the onset of the large velocity enhancements observed after 07:30 UT is missing from both datasets it is apparent that both observed the relaxation of the velocities to background levels by 08:30 UT.
While the ion velocities have reverted to background levels by 08:30 UT, in the case of both the winds and temperatures the neutral response appears to become apparent at 07:45 UT and reaches a peak at around 08:20 UT. The fall back to background levels for the neutral winds appears to be complete by 08:45 UT as measured by both SCANDI and the FPI. In the case of the neutral temperatures there appears to be a gradual decrease from the peak temperature which persists far longer than the changes in the winds. The neutral temperature change is exhibited over the whole of the SCANDI FOV, while the neutral wind acceleration is confined to the north sectors. Thus the response time for energy dissipation is different from that for momentum transfer.
The most widely used empirical models for thermospheric parameters have been the HWM (winds) and MSIS (temperatures) classes of model (Hedin, 1991) . At high latitudes, however, both models have been shown to lack sensitivity to rapid changes in solar or geomagnetic activity, as well as poor spatial resolution. This case study demonstrates how MSIS-E neutral temperatures (Fig. 6) do not show the localised temperature peak observed by the SCANDI and FPI, which was caused by a short-lived burst of geomagnetic activity less than 20 min long. This is because changes in geomagnetic activity and solar flux drivers are represented in the MSIS model by the use of 3 h averages in the form of F10.7 and A p indices.
As better coordination between complementary ionospheric and thermospheric experiments reveals the details of ion-neutral coupling and improved instrumentation delivers better spatial and temporal resolution it should be possible to parameterise the local and rapid response of the thermosphere in a more realistic way.
In the context of numerical modelling the impact of rapid and local changes in thermospheric parameters has recently been noted and identified as an important aspect of the future development of the coupled thermospheric-ionospheric global circulation models (e.g. Demars and Schunk, 2007) . Large systematic differences between model outputs can be demonstrated when consideration of mesoscale structure is included, e.g. in neutral temperatures by Dobbin et al. (2006) , and it is apparent from comparisons with large datasets that other parameters such as wind velocities are systematically mis-represented by the models . The efforts therefore to determine the extent and characteristics of mesoscale thermospheric structure as a result of ion-neutral coupling have significant impacts for the development of reliable models with which to assess properly areas such as space weather (Fuller-Rowell et al., 2006) and non-hydrostatic equilibrium scenarios.
Conclusions
The results presented in this paper have demonstrated a rapid and local thermospheric response to ionospheric forcing which challenges the accepted view of the thermosphere as a relatively viscous and slow-moving sink of energy directed into the region through magnetosphere-ionosphere coupling. By following the likely causative timeline from solar wind perturbation through magnetospheric impact and consequent ionospheric disturbance, the driving mechanism behind the observed thermospheric features can be identified. Both the neutral winds and temperatures appear to respond within 15 min to this forcing and the duration of the event appears to be closely matched across magnetospheric, ionospheric as well as thermospheric parameters. It appears that in the case of this spatially localised, short-lived event the thermosphere displays a short lag time both on the rising and falling side of the disturbance, as opposed to the inertia displayed as a "flywheel" effect that can be observed for instance on the large-scale with thermospheric winds driven by sustained ionospheric forcing.
The implications of these results are important in terms of further development of the self-consistent 3-D numerical models of the coupled ionosphere and thermosphere. Unless the true response times of the thermospheric parameters, which varies for different spatial scale lengths, are established and tested within these models there will remain a fundamental limitation on their usefulness in understanding the global response to geomagnetic forcing. This is the first paper to combine the results of extended fields of both ion and neutral velocities, taking advantage of the colocation of relevant instruments. It is hoped in the future to extend these studies of ion-neutral coupling over extended spatial samples to investigate the nature and timing of other geophysical events and establish consistency in terms of the mesoscale structure observed in the thermosphere and its representation within the numerical models.
